Introduction:
Quartzdyne pressure transducers are based on quartz crystal sensors and a quartz reference clock for frequency counting. The pressure sensor's sensitivity to temperature requires compensation, which is currently accomplished with a temperature sensitive crystal that is not exposed to the pressure medium. Transducers are calibrated at a set of pressures and temperatures. A polynomial curve fit is used to estimate pressure and temperature.
Commercial voltage or current output silicon temperature sensors have been available for many years.
Most do not function at high temperature and require extra components to complete the analog to digital conversion. A custom frequency output silicon temperature sensor reduces circuit component count, by eliminating the analog to digital converter and a few passives components. The output frequency can be counted using the current reference clock source and a Quartzdyne frequency counter ASIC.
The sensor can be implemented two ways; a discrete ASIC that allows the sensor to be located closer to the pressure crystal, and an integrated form that allows the sensor to be included in the oscillator ASIC. Both implementations create the option to replace the current temperature crystal on future Quartzdyne pressure transducers.
A prototype silicon temperature sensor based on a proportional to absolute temperature (PTAT) current source has been designed and tested. A frequency output is obtained by using a relaxation oscillator to convert the PTAT current to frequency. The device was fabricated in a 0.8µm bulk CMOS process using established and proven high temperature design techniques [1, 2, 3, 4] .
The sensitivity is about 100Hz/°C at low The hysteresis was measured to be 0.2°C on three of four sensors. After 10 cycles from ambient to 200°C, most sensors shifted less than 0.5°C.
Circuit Description:
The circuit uses two identical diodes biased at different currents (Figure 1 ), generating a difference voltage that is PTAT. An amplifier and a resistor are configured in a feedback loop to generate a PTAT current source. Equation 1 defines the current; M and N represent the number of vertical substrate PNP transistors that are within Q1 and Q2.
. 1 kT Ln M N Equation 1 defines the PTAT current that is used to charge and discharge a capacitor in a The test module is shown in Figure 2 . The left half is the temperature sensor and the right half is the voltage regulator and signal driver. These modules were built on a standard Quartzdyne hybrid substrate for convenience and known packaging reliability.
Calibration:
Modules were calibrated in an air current isolated hot chuck that is capable of holding the temperature to ±0.1°C. (Figure 3) The temperature was swept from ambient to 250°C taking a point every 25°C. The output frequencies were measured with an HP5313A frequency counter using its internal reference clock source and the 100 KHz filter on.
A sample set of typical responses to temperature is shown in Figure 4 . Room temperature sensitivity is roughly 110Hz/°C; it slowly decreases to approximately 95Hz/°C at 185°C. The nonlinearity above 200°C significantly limits the sensors achievable accuracy as shown in Figures 5-7 .
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Polynomial calibration coeficients of the form shown in Equation 7 are obtained by using a least-means-squared curve fitting algorithm. The calibration error is determined by subtracting the calculated from the true measured temperatures.
A 2 nd order curve fit achieves ±0.3°C accuracy at 200°C and lower. First order curve fits (Figures 5-7) .
Aging Characteristics
Six sensors were aged at 225°C for 48 days; four more sensors were aged at 250°C for 36 days. The samples were buried in steel shot inside a glassbaking pan to reduce the oven-induced temperature variations. This method has been shown to reduce the device under test (DUT) temperature deviation to only a few tenths of a degree C. A thermocouple mounted on a centrally located DUT is used compensate the remaining temperature changes. Hourly measurements are averaged over one day to obtain one data point.
The data are plotted in Figures 8 and 9 . The 225°C drift slows down after about ten days on most sensors. One sensor ages in the positive direction and levels off after approximately 30 days. The magnitude of the drift is approximately ±3°C.
At 250°C, all the samples drifted negative and continued to drift the entire 36 days. Unfortunately, the oven malfunctioned and the test was terminated. The worst-case sample drifted about -3°C, while the best case was -1.0°C.
Hysteresis & Temperature Cycling
A set of four sensors received a hysteresis loop from ambient to 250°C in 75°C steps. Next, the sensors endured ten temperature cycles from ambient to approximately 200°C, and data were recorded at each ambient point. The results of these two experiments are shown in Figures 9 and 10 .
The difference between ramp up and ramp down calculated temperatures is hysteresis and is plotted in Figure 10 . Most sensors show roughly 0.2°C or less hysteresis. However one sensor is significantly worse at 0.9°C. Temperature cycling shows that three of four sensors shifted between 0.25°C and 0.5°C after the 10 cycles. These three sensors were fairly well behaved. One of the four sensors did not behave as well. It showed shifts between -0.8°C and +0.4°C with multiple changes in direction. All sensors showed some changes in direction with increasing cycles, but the one sensor was more dramatic. See Figure 11 for details.
Conclusion:
A 250°C operational prototype silicon frequency output temperature sensor that is capable of ±0.3°C accuracy up to 200°C is shown. Longterm 250°C/225°C aging demonstrated ±3°C errors over one month period. While the 250°C aging data suggests that the sensor will continue to degrade, the 225°C data shows a slowing of aging after 10-30 days.
Most sensors show a 0.2°C error on a 250°C hysteresis loop. One sensor showed a much larger 0.9°C error. During the ten temperature cycles, most sensors behave somewhat consistently showing less than 0.5°C errors.
There are two methods of implementation, integrated and discrete. When integrated, the sensor would be included within the Quartzdyne Oscillator ASIC. As a discrete component, the small size allows it to be placed closer to the pressure sensor reducing transient errors. Both options allow for smaller pressure transducers. 
